Abstract: To examine the effects of occupational and environmental neurotoxicants on vestibular, cerebellar and spinocerebellar functions, the following three groups of subjects were examined, using a computerized posturography with sway frequency analysis: (1) 49 male chemical factory workers exposed to lead stearate, aged 27-63 (mean 43) years, with concurrent blood lead concentrations (BPbs) 
Introduction
Neurobehavioral methods such as neurobehavioral test batteries, neuroelectrophysiological techniques, neuroimaging and biological markers have been widely used to examine the effects of various occupational and environmental factors on the nervous system 1) . Computerized static posturography has also been introduced for this environmental factors, as many clinical studies have suggested that disorders of the vestibular, spinocerebellar afferent, and cerebellar systems are related to changes in specific frequency domains and directions of postural sway [23] [24] [25] [26] [27] [28] . The lesion of the vestibulocerebellum (lower vermis), which contains the vestibulocerebellar pathway, shows a sway of no specific frequency with eyes open (low Romberg quotient) (the Romberg quotient is defined as the ratio of the value with eyes closed to that with eyes open 24) ). The lesion of the spinocerebellar afferent pathway (including the spinocerebellar tract and proprioceptive nerve fibers in the legs) is associated with an omnidirectional sway of low frequency (1 Hz or less) with eyes closed (high Romberg quotient). The lesion of the anterior cerebellar lobe is related to a sway of high frequency (2-4 Hz) predominantly in the anteroposterior direction with eyes closed (high Romberg quotient).
In this paper, we reexamine our recent findings on computerized posturography with frequency analysis in subjects exposed to lead, organic solvents and sarin [16] [17] [18] [19] [20] [21] [22] to clarify which of the vestibulocerebellar, spinocerebellar and anterior cerebellar lobe function is most affected by these chemicals.
Subjects and Methods

Subjects
Three groups of subjects (exposed-groups) were examined, i.e., 49 male lead workers, 29 male solvent workers, and 9 female sarin-poisoning patients, together with control subjects for each group, consisting of 23 males, 22 males and 18 females, respectively [16] [17] [18] [19] [20] [21] [22] . Age, height, body weight, alcohol consumption and exposures for the exposed-groups and controls are shown in Table 1 . There were no significant differences in age, height, body weight, or alcohol consumption between the lead workers, solvent workers or sarin poisoning patients and their controls (p>0.05). It was confirmed by interviews by one of the authors that none of control subjects had been exposed to neurotoxic agents such as heavy metals and organic solvents. Similarly, none of exposed-groups had been exposed to neurotoxic chemicals other than lead, organic solvents and sarin, respectively; they showed no specific signs or symptoms indicative of clinical poisoning or of neurological, endocrinological, or mental disorders at the time of the study. The nature of the procedure was fully exposed to all subjects and the study was conducted with their informed consent.
The followings are brief description of exposed-groups: (Table 1) . Solvent workers: This group were artisans, who had been engaged in making sandal, shoe, and leather at small factories using solvent mixtures containing mainly n-hexane, xylene, and toluene. Concentrations of metabolites of solvents in urine samples taken from the workers in the morning before work for 2,5-hexanedione (HD), methylhippuric acid (MHA), and hippuric acid (HA) ( Table 1 ) were higher than those of male Japanese without solvent exposure, i.e., 0.25 ± 0.23 mg/g Creatinine (Cn) for HD, 0.028 ± 0.021 g/g Cn for MHA, and 0.14 ± 0.71 g/g Cn for HA, respectively (mean ± SD) 29, 30) . HD in end-of-shift urine of workers was estimated to be at least twice that in the samples examined, i.e., about 0.8-6 (mean 2.4) mg/g Cn, as urinary samples were taken approximately 16 hr after the end of last shift (17:00) and the half-life of urinary excretion of HD is 13-14 hr 31) . These values may correspond to 13-100 (mean 40) ppm of n-hexane in air during work, as it has been reported that 3 mg/g Cn of HD in end-of-shift urine is equivalent to 50 ppm of n-hexane in air 32) . Similarly, MHA concentrations in urine of the workers at the end of shift were estimated at approximately 5-19 folds of those in the morning urine, i.e. 0.95-3.6 g/g Cn on average, considering its half-life time (3.8-7.1 hrs) 33) ; these estimated values of MHA might be converted to 46-176 ppm of xylene in air as it was reported by Ogata and Taguchi (1986) 34) that 2.05 g/g Cn of MHA corresponds to 100 ppm of xylene. HA, of which half-life is 6.3-6.8 hours 33) , in the end-of-shift urine could be 5-6 folds of that in the morning urine, i.e. 1.9-2.2 g/g Cn on average, which corresponds to 79-93 ppm of toluene in air according to the relationship given as a figure in the Ogata and Taguchi's report 34) . Sarin poisoning patients: This group were females exposed to sarin accidentally in subways in Tokyo, Japan, on March 20, 1995. They were transported to St. Luke's International Hospital to receive emergency medical checks and treatment just after the poisoning. On admission to the hospital, plasma cholinesterase (ChE) activities (Table 1) were lower than normal range (100-250 IU/l). Their major signs and symptoms were dyspnea and headache in 6 cases, nausea, feeling of asthenia, diplopia and ocular pain in 4, vomiting in 2, and sneezing, paresthesia, cough, loss of consciousness, and heart arrest in 1. They were examined in September to November 1995, i.e. 6-8 months after the poisoning. Plasma ChE activities were measured again on the days of the study, and all were found to be within normal range. 
Computerized static posturography
Postural balance was quantitatively measured by the method reported previously by us [16] [17] [18] [19] [20] [21] [22] . Measurement was conducted in a quiet room with flat floor by the use of a strain-gauge-type force platform (Static Sensograph 1G06, NEC Sanei, Tokyo) connected to a microcomputer (PC9801, NEC, Tokyo) via an analog-to-digital converter (ANALOG PRO, Canopus, Tokyo). Subjects were instructed to refrain from alcohol or drugs from the day before the study (12 hours or more prior to the study).
Subjects were asked to stand quietly on the platform for 60 seconds with eyes open and then for 60 seconds with eyes closed. The medio-lateral (right-left) and anteroposterior location of the body's center of pressure (CP) in the horizontal plane was recorded at a sampling frequency of 20 Hz. Displacements of the body's CP in the both directions were then subjected into the Fast Fourier Transformation analysis 18, 24) . The total duration of sampling was 51.2 sec as 1024 points (60 sec as 1200 points in lead case). The span of frequencies analyzed ranged from 0 to 4 Hz (0.02 Hz steps). Sum of the root squares of the power calculated from the power spectrum between (1) 0 and 1 Hz, (2) within each sampling time were summed up for each direction and defined as the length of sway path of the body's CP in the medio-lateral (Dx) and anteroposterior (Dy) directions, respectively; and area included within the sway path traveled by the CP during 60 sec (Area) was calculated.
Statistical analysis
Differences in Dx, Dy, Area, and power of the sway for each frequency range with eyes open and closed between the lead workers, solvent workers, or sarin-poisoning patients and their controls were examined by analysis of covariance to control for possible confounding effects of age, height, body weight, and alcohol consumption 7, 12) by assigning these variables as covariates. Relations of postural sway parameters to concurrent BPb, MaxBPb, MeanBPb and CumBPb (lead workers), HD, MHA, and HA (solvent workers), and ChE activities on the day of the poisoning (sarin-poisoning patients) were examined by multiple regression analysis. All the statistical analyses were performed by SPSS ver.4.0 35) using a microcomputer (Mac IIVx, Apple).
Results
Differences in power spectrum of postural sway frequencies between lead workers, solvent workers or sarinpoisoning patients and their controls are shown in the Fig.  1 . Those in Dx, Dy and Area are shown in Table 2 . Results obtained for each group of subjects are as below.
Lead workers
With eyes open, the Dx, Area, and power of the sway of 0.125-0.25 and 0.5-1 Hz and high frequency 2-4 Hz in the medio-lateral direction and of the 0.25-0.5 Hz sway in the anteroposterior direction were significantly increased. Thus, there was an increase in the postural sway of the vestibulocerebellar type, i.e., omnidirectional sway of no specific frequencies with eyes open in lead workers. With eyes closed, power of the 0.25-1 and 2-4 Hz sway in the medio-lateral direction was significantly increased in lead workers as compared with controls, indicating that the sway of the spinocerebellar and cerebellar anterior lobe types, respectively, were significantly increased.
In the multiple regression analysis controlling for age, height, body weight and alcohol consumption, with eyes open, power of the 0.5-1 and 1-2 Hz sway was positively related to concurrent BPb (partial regression coefficients=0.32 and 0.31, respectively, p<0.05), indicating that concurrent BPb was positively related to the parameters of vestibulocerebellar type. With eyes closed, power of the 2-4 Hz sway in the medio-lateral direction was positively related to MeanBPb (partial regression coefficient=0.33, p<0.05), which indicated that the increase in sway of anterior cerebellar lobe type is attributed to past lead absorption. The power of the 0.125-0.25 Hz sway in this direction was inversely related to MaxBPb (partial regression coefficient = -0.32, p<0.05).
Solvent workers
With eyes open, the power of 2-4 Hz sway was significantly increased in the anteroposterior direction, indicating an increase in vestibulocerebellar type of sway. With eyes closed, Dy, Area and power of 0-1 Hz sway in the medio-lateral direction were significantly larger in these workers than in controls, i.e., the spinocerebellar type of sway was increased in the workers.
In the multiple regression analysis using HD, MHA, HA, age, height, body weight and alcohol consumption as independent variables, Dy and power of 1-2 and 2-4 Hz sway in the anteroposterior direction with eyes open were positively related to HD in solvent workers (partial regression coefficients = 0.47, 0.70 and 0.61, respectively, p<0.05). Thus, the vestibulocerebellar type of sway was significantly related to absorption of n-hexane. Similarly, the power of 1-2 and 2-4 Hz sway in the anteroposterior direction with eyes open was inversely related to MHA (partial regression coefficients = -0.32 and -0.38, respectively, p<0.05), which indicated an inverse relation between the vestibulocerebellar type of sway and xylene absorption.
Sarin poisoning patients
Power of 0-1 Hz sway in the anteroposterior direction and Area, with eyes open, were significantly increased. Romberg quotient for power of 0-1 Hz sway in the anteroposterior direction was significantly related to log ChE in the multiple regression analysis controlling for age, height, body weight and alcohol consumption (partial regression coefficient=0.67, p<0.05) in the patients. Thus, the vestibulocerebellar type of sway was caused by acute sarin poisoning.
Discussion
As summarized in Table 3 , the vestibulocerebellar type of the sway was affected by all of the three chemicals examined [i.e., lead, organic solvents (n-hexane) and sarin], suggesting that this type of sway is most sensitive to these chemicals. Further study is necessary to elucidate whether this finding is in common with other various neurotoxic substances.
The observation that the vestibulocerebellar sway is affected by n-hexane is compatible with the data in rats that histopathological changes (distal axonal swelling and degeneration) were caused by n-hexane in the vermis 36, 37) , which contains the vestibulocerebellum (lower vermis). Similarly, the observation of the increase in the less than the estimated level in the present study-i.e. 20 ppm-of n-hexane 31) . Indeed, we have already reported the changes in autonomic function (electrocardiographic R-R interval variability) in the same group of workers as the present study 38) . On the other hand, as location of histopathological changes in the cerebellum (perivascular periodic acid-Schiff-positive exdaute, extracellular edema, focal necrosis of neurones and glias) has not been specified in previous studies on human lead poisoning [39] [40] [41] [42] , it seems difficult to explain the functional (subclinical) changes in postural sway presented here by the histopathological findings obtained in the studies on lead poisoning. Also, neuronal degeneration and necrosis in brain including the cerebellum (vermis), similar to those in hypoxic encephalopathy, which have been observed in rats surviving convulsions after injection of soman [o-(1, 43, 44) , could not explain the changes in postural sway in sarin poisoning patients, because hypoxic damage to brain was doubtful in the sarin cases as convulsion was not observed in the cases (only one case showed cardiac arrest). Histopathological changes underlying the effects of lead and sarin on postural balance remain to be investigated.
In lead workers, MaxBPb showed an unexpected inverse relation to the sway parameters in the multiple regression analysis, possibly due to a mere chance caused by controlling for many variables in the multiple regression analysis. It is suggested that concurrent BPb and MeanBPb rather than Max BPb have significant effects on postural balance. Furthermore, our study suggested that the possibility that xylene can inhibit the effect of n-hexane on postural balance, i.e. the vestibulocerebellar type of sway was inversely related to MHA, denying adverse effect xylene, which has been known as a neurotoxic substance 37, [45] [46] [47] . This coincides with the observation that n-hexane-induced slowing of peripheral 31, 36, 37) . There is an evidence that subclinical neuropathy occurs in workers exposed to Industrial Health 2002, 40, [14] [15] [16] [17] [18] [19] [20] [21] [22] nerve conduction and prolongation of latencies of visual evoked potentials are inhibited by xylene in rats 48) . By contrast, mixed absorption of n-hexane and xylene induces an enhanced loss of auditory sensitivity (click exposure) as compared with mono-exposure to n-hexane in rats 46) . Therefore, interaction between these solvents on the nervous system may depend on the target; co-exposure to xylene does not imply reduction of the risk of n-hexane as health hazard on workers. In our study no significant effects of toluene were demonstrated in the regression analysis. Effects of co-exposure of these solvents and their interactions should be investigated further.
In contrast to the results on sarin poisoning patients, the study on pesticide applicators 11) with concurrent exposure to organophosphate showed that postural balance expressed by a total length of the sway path was affected more greatly with eyes closed than with eyes open. The discrepancy between the two studies also remains unexplained.
Thus, a static posturography with frequency analysis of postural sway is demonstrated to be useful for assessing dose-effect relationships between neurotoxic chemicals such as lead, organic solvents and sarin, and their effects on postural balance systems, in light of results from previous studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] which revealed significant increase in the postural sway caused by chemical substances. However, there are some weaknesses in the studies presented here. First, smoking status was not surveyed. Though some studies reported that smoking has no significant effects on postural balance 11, 15) , there are also reports that smoking increases postural sway 49) . Second, as some subjects reported heavy consumption of ethanol in the study on solvent workers, its interaction with solvent exposure should have been examined. Similarly, BPb concentrations in the lead workers study and ages in the sarin patients study showed a substantial variation; more strict controls in demographic variables should be preferable. To confirm the findings on effects of various chemicals on postural balance system further, examination on the vestibulo-oculomotor system such as optokinetic nystagmus test as well as investigation on the brainstem such as measurement of brainstem auditory evoked potentials should be useful.
